Uranium is an important carbon-free fuel source and environmental contaminant that accumulates in the tetravalent state, U(IV), in anoxic sediments, such as ore deposits, marine basins, and contaminated aquifers. However, little is known about the speciation of U(IV) in low-temperature geochemical environments, inhibiting the development of a conceptual model of U behavior. Until recently, U(IV) was assumed to exist predominantly as the sparingly soluble mineral uraninite (UO 2+x ) in anoxic sediments; however, studies now show that this is not often the case. Yet a model of U(IV) speciation in the absence of mineral formation under field-relevant conditions has not yet been developed. Uranium(IV) speciation controls its reactivity, particularly its susceptibility to oxidative mobilization, impacting its distribution and toxicity. Here we show adsorption to organic carbon and organic carbon-coated clays dominate U(IV) speciation in an organic-rich natural substrate under field-relevant conditions. Whereas previous research assumed that U(IV) speciation is dictated by the mode of reduction (i.e., whether reduction is mediated by microbes or by inorganic reductants), our results demonstrate that mineral formation can be diminished in favor of adsorption, regardless of reduction pathway. Projections of U transport and bioavailability, and thus its threat to human and ecosystem health, must consider U(IV) adsorption to organic matter within the sediment environment.
uranium | organic matter | STXM | NanoSIMS | EXAFS U ranium serves as an important fuel source and alternative to fossil fuels; however, mining has resulted in widespread contamination (1) , which threatens human and ecosystem health. For instance, U is one of the leading pollutants at sites managed by the US Department of Energy (2) , with remediation of former mill sites costing the US government $2 billion (as of the year 2000) (3) . Uranium accumulates in low-temperature geochemical environments wherever anoxic conditions prevail because U(IV) is much less soluble than U(VI) (tetravalent actinides tend to form stronger complexes with any given ligand than hexavalent actinides and hydrolyze at very low pH values) (4) . For many years researchers assumed that sparingly soluble minerals, such as UO 2+x , controlled the aqueous concentration of U(IV) and mediated the oxidation of U(IV) to U(VI) under anoxic conditions (5, 6) . In fact, many researchers have shown that UO 2+x either is not observed in sediments, or is a minor phase (7) (8) (9) (10) (11) (12) (13) . The chemical reactivity of U(IV) is controlled by its speciation; for instance, researchers have noted that some biogenically produced forms of U(IV), termed "noncrystalline U(IV)," oxidize more rapidly than does UO 2+x (14) . Thus, knowledge of U(IV) speciation is essential to understand U processes and behavior in low-temperature geochemical environments, including ore deposits (12) , marine basins (15, 16) , and contaminated aquifers (8) . However, an alternative description has not been fully developed to complement U(IV) mineral formation in sediments under environmentally relevant conditions, and this gap represents a major weakness in our geochemical knowledge of this critical element.
Two recent studies have found that U(IV) adsorbs to rutile and magnetite surfaces at low (1 μM) initial aqueous U(IV) concentrations (17, 18) . Additionally, researchers have concluded that U(IV) will bind to phosphonate groups associated with bacterial cells and exopolymeric substances (EPS) or form amorphous precipitates with inorganic phosphate in pure cultures of U(VI)-reducing bacteria (19) (20) (21) . The association of U(IV) with these naturally occurring materials implies that U(IV) could adsorb or become incorporated into sedimentary solids. However, to date, few studies have explicitly examined the role of U(IV) adsorption in sediments under environmental conditions, and no study has identified unambiguously which sorbents bind U(IV). Sediments comprise a mixture of organic and inorganic materials intimately mixed at the nanometer scale. In this complicated matrix it is unknown which materials and types of binding environments will emerge as important for U(IV) sorption. If U(IV) were to adsorb to the sedimentary matrix, we would expect that the formation of U(IV) minerals would be inhibited at low U concentrations, at which binding of U(IV) to surface ligands would suppress the aqueous U 4+ concentration below the level required for precipitation. No studies examine U(IV) speciation as a function of concentration under field-relevant conditions, which is necessary to understand its complexation behavior.
Our objective was to investigate sorption of U(IV) to a natural sedimentary material as a function of U concentration under field-relevant conditions. Furthermore, we aimed to (i) determine whether adsorption complexes could dominate U(IV) speciation at total aqueous U concentrations typical of contaminated aquifers (22) , and (ii) identify with which sorbents U(IV) was associated (e.g., organic or mineral). Using a combination of extended X-ray absorption fine structure (EXAFS) spectroscopy, scanning transmission X-ray microscopy (STXM), and nanosecondary ion mass spectrometry (NanoSIMS), we present direct evidence that U(IV) adsorbs to particulate organic carbon (POC)
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and organic matter-coated clays in a natural sedimentary material at environmentally relevant U concentrations under sulfatereducing conditions.
Results
Microcosm Experiments. To determine the role of adsorption in U(IV) speciation and to identify involved sorbents, we prepared batch microcosm experiments in which uranyl acetate (0, 1, 10, 50, and 400 μM) was incubated with macerated roots (from Phalaris arundinacea), root-adhering mineral particles, and artificial groundwater under anaerobic (sulfate-reducing) conditions, which drove U(VI) reduction. To assess whether U(IV) could be produced by inorganic reductants generated during anaerobic respiration, we performed complementary batch experiments in which reduction of 10 μM U(VI) was monitored in solutions containing 1 mM aqueous S(−II) (no solids) or suspensions containing 1 mM aqueous S(−II) and autoclaved macerated roots. The microcosms were designed to emulate organic-rich, anoxic, sulfidic sediments identified within the U-contaminated aquifer located in Rifle, CO, which have been proposed to be a source of elevated U concentrations in groundwater (10) . Macerated root material was chosen as a substrate because this material (i) provided a solid matrix similar to sedimentary material in terms of both elemental composition (9) (SI Appendix, Table S1 ) and organic matter composition (vide infra); and (ii) was similar to organic material frequently buried in fluvial aquifers, such as the one at Rifle (23) . Experimental conditions are summarized in SI Appendix, Table S2 .
Reduction of U(VI) to U(IV) Under SO 4 2--Reducing Conditions. The native microbial community associated with the root slurry respired sulfate, as indicated by the production of sulfide over the course of the incubation (Fig. 1A) . Reduced Fe and S species (likely as mackinawite, FeS) were identified in the solid phase during the incubation using S and Fe K-edge XANES spectroscopy, respectively (SI Appendix, Figs. S1 and S2 and Table S3 ). In contrast, reduced species were not formed in sterile controls (SI Appendix, Figs. S1 and S2 and Table S3) .
A combination of microbial-and surface-catalyzed reduction led to a decrease in aqueous U(VI) and the accumulation of U(IV) in the solid phase. Uranium(VI) reduction was observed in nonsterile samples (Fig. 1B and SI Appendix, Table S4 ) and in sterilized root suspensions to which 1 mM aqueous S(−II) had been added (termed "roots + 1 mM S(−II) (aq) "; Fig. 1D ). The production of solid-phase S(−II) and Fe(II) in roots + 1 mM S(−II) (aq) samples (SI Appendix, Figs. S1 and S2) suggests that aqueous S(−II) reacted with the root matrix to form solid-phase reductants that catalyzed U(VI) reduction, which has also been observed in Fe(II)-containing systems (24) . However, no U(VI) reduction was observed in sterile controls (Fig. 1C) or in samples containing only 1 mM S(−II) and artificial groundwater (termed "1 mM S(−II) (aq) "; Fig.  1D Adsorption of U(IV) to Organic Matter and Clay Particles. Linear combination fits of the EXAFS spectra of [U(VI)] initial = 1, 10, 50, and 400 μM (days 55-69) were performed using spectra from biogenic UO 2+x and noncrystalline U(IV) (27) . These fits showed UO 2+x was only present in suspensions containing >10 μM U (SI Appendix, Fig. S3 and Table S5 ). Additionally, transmission electron microscopy (TEM) images of the 50-μM samples revealed aggregates of 2-to 3-nm UO 2+x particles interspersed with amorphous material (assumed to be organic carbon) and other mineral particles (SI Appendix, Fig. S4 ). The dependence of UO 2+x formation on the initial U concentration (i.e., U:solid ratio) is consistent with adsorption of U(IV) to the solid matrix, which suppresses U 4+ (aq) concentrations, hence UO 2+x precipitation (13) . The conclusion that U(IV) adsorption to the sample matrix dominates at 1-and 10-μM U concentrations is supported by our estimation that the concentration of adsorption sites is in great excess of U. For instance, if we use the concentration of carbonyl functional groups present in the organic carbon fraction of humic acids in soils (28) as a proxy for a single type of adsorption site associated with the organic fraction of the sample matrix that may bind U (i.e., carboxylate acids) (4), we find that at carbonyl concentrations ranging from 3 to 25 mol/ kg organic C (28), the molar ratio of adsorption site (i.e., carbonyl) to U ranges between 180 and 1,500 in the 10-μM U sample.
Spatially resolved techniques were used to characterize the sample substrate and to assess the physical associations between U and sample components with nanometer-scale resolution. Images of the 10-μM and 50-μM samples are presented herein (Figs. 2 and 3). Additional images are provided in SI Appendix to corroborate the spatial trends and spectroscopic analysis inferred from the images presented in Figs. 2 and 3. Microscopy images revealed that the samples consisted of aggregates of organic carbon particles, defined here as POC, and minerals, including aluminosilicates. The latter were identified based on the correlation between Fe and Al (29) in NanoSIMS images (R Tables S6 and S7) , as well as the cooccurrence of Fe, Al, and Si in the STXM images (SI Appendix, Fig. S7 ). The characterization of the POC is discussed in detail in SI Appendix, section VI. Briefly, POC consisted of identifiable plant material (including lignin and polysaccharides), microbial cells, and partially degraded organic matter that was not attributable to any one biomolecule.
Spatial correlation analysis of the 10-μM U sample revealed that adsorbed U was correlated with C (R 2 = 0.51-0.67) and was enriched in some areas of the 10-μM sample where whole, intact microbial cells were identified based on morphology ( Tables S6 and S7) , which was, in turn, highly correlated with C (R 2 = 0.80-0.87). Sulfur was present dominantly in thiol and inorganic sulfide groups, based on the bulk S K-edge spectra. Because U does not readily form bonds with reduced S species (4), which are soft bases, the U-S correlation could have arisen if thiol-S was associated with organic matter types that had a high affinity for U.
We had expected that U would be spatially associated with P due to complexation between U and inorganic or organic P ligands (19) . However, U and P were not always well correlated in the 10-μM sample (R 2 = 0.19-0.68; Fig. 2 and SI Appendix, Fig.  S6 and Tables S6 and S7), and P was found to be concentrated in hot spots, whereas U was more diffusely distributed. Because P was not highly correlated with C (for the 10-μM sample, R 2 = 0.25-0.47; SI Appendix , Tables S6 and S7) , it is unlikely we detected organic P. Thus, the absence of a correlation between P and U does not preclude the complexation of U by organic P. However, it does appear that inorganic P was not important for U complexation in our samples, which further suggests that amorphous U-PO 4 precipitates (21) are a minor species or are absent in these samples.
Uranium was associated with C in the 50-and 400-μM samples. Regions in these samples were examined using both STXM and NanoSIMS, allowing direct insight into the C speciation in areas enriched in U. Fig. 3 presents complementary STXM and NanoSIMS images of the 50-μM sample; furthermore, specific regions within Fig. 3 (labeled R1-R5) are discussed below, and their elemental compositions and functional group character are summarized in Table 1 . The images showed that U was frequently associated with cells [based on their morphology and the presence of protein-like spectra (30); Fig. 3 , region 1 Table 1 , and SI Appendix, Figs. S7, S11, and S12], as expected, because research has shown that bacterial cells and EPS reduce U(VI) and readily complex U(IV) (19, 20) . Uranium was also associated with partially degraded organic material (29) and possibly EPS (31) (SI Appendix, Figs. S7, S11, and S12), which contained carboxylate functional groups that could have complexed U.
Uranium-enriched areas were identified that contained plantderived materials, deduced from their similarity to lignin (Fig. 3,  region 3 and Table 1 ), the presence of a peak in the O-alkyl C region [indicative of polysaccharides (32) ; Fig. 3, region 4 and Table 1 ] and the presence of quinones (33, 34) (Fig. 3, region 4 and Table 1 ). Plant material has not been shown to adsorb U(IV) previously; however, it is possible that phenols and carboxylate groups could complex U(IV) (4). Additionally, UO 2+x nanoparticles, which were detected at 50 μM U, could have aggregated with the plant material subsequent to their formation. Finally, U could have been associated with Fe-, Al-, and S-containing particles, because these elements were enriched in regions 3 and 4 ( Fig.  3 and Table 1 ). Indeed, region 5 ( Fig. 3 and Table 1 ), which was not enriched in U, was composed of plant-derived material (Table  1) , but exhibited little S, Fe, and Al relative to other particles, emphasizing a possible role for these elements in controlling the distribution of U.
In addition to the association of U(IV) with POC, we found U to be associated with aluminosilicate particles. For the 10-μM sample, R (Fig. 3) . Uranium was typically associated with clay particles that were coated with organic material. Indeed, one clay particle was imaged that was not coated in C; in this instance, U was not associated with the particle (SI Appendix, Fig. S6 ), leading us to speculate that U(IV) was adsorbed to organic matter sorbed to the clays. Because Fe(II) in clays can reduce U(VI) (35) , it is possible that the correlation among U, Fe, and Al could have arisen in part due to reduction of U(VI) by the clay particles. Iron was also correlated (Table 1) . Yellow boxes denote regions (R1-R5) that are discussed in the text; key features are summarized in Table 1 . The scale bar is the same for all images.
with S in the images (particularly in Fig. 2 ; R 2 = 0.73), and particles that were enriched in U, Fe, and S were identified (Fig.  3 , region 2 and SI Appendix, Fig. S6 ), consistent with U(VI) reduction by FeS.
Analysis of the molecular-scale coordination environment of U using shell-by-shell EXAFS spectroscopic analysis supported the interpretation that U(IV) was adsorbed to organic matter. Based on our observation that U was associated with POC and organic carbon-coated minerals, in combination with knowledge of the functional groups that bind U strongly (phosphate esters and carboxylates) (4, 19), we fit the EXAFS spectra assuming that U was coordinated to either C or P in its second shell, which yielded a good representation of the data (Fig. 4 and SI Appendix, Table S11 present the fits with the U-C scattering path, and SI Appendix, Fig. S14 and Table S12 present the fits with the U-P scattering path). Our spectroscopic analysis could not yield information on the coordination of U to clay minerals, because high-atomic number neighbors were not evident (see SI Appendix for details).
Discussion
Mixed Biotic-Abiotic U(VI) Reduction Pathways in Sediments. Under acetate-stimulated sulfate-reducing conditions in Rifle aquifer sediments, Bargar et al. (8) observed that U(IV) was physically associated with FeS particles at micron-to millimeter-length scales, but U and FeS were not correlated at the nanometer scale. The authors thus proposed a biotic-abiotic reduction pathway in which FeS particles served as a reservoir of electrons for U(VI) reduction, and that reduction was mediated by biomass-associated ligands as well as microbial reductases. Similarly, we infer that coupled biotic-abiotic U(VI) reduction occurs in SO 4 2− -reducing sediments based on our observations that (i) U(VI) was reduced most rapidly in the presence of actively respiring microbes; (ii) U(VI) reduction occurred in the absence of actively respiring microbes when solid-phase S(−II) and Fe(II) accumulated; and, finally, (iii) U was sometimes physically associated with solid-phase inorganic reductants, including Fe and S. We propose that aggregates of cells, organic matter, FeS, and aluminosilicates serve as micrometer-scale "reduction hotspots" where numerous U(VI) reductants cooccur, facilitating the transformation of U(VI) to U(IV). Uranium(IV) subsequently adsorbs to high-affinity ligands associated with the aggregates.
Evidence for U(IV) Adsorption Complexes: Implications for U(IV)
Biogeochemistry. Using spectroscopy and nanoscale microscopy, we have provided direct evidence that U(IV) adsorbs to organic matter and organic matter-coated clay particles in a complex natural matrix comprising a mixture of organic and mineral phases. Few researchers have investigated the adsorption behavior of U(IV) as a function of U concentration because UO 2+x is highly insoluble, making it difficult to apply traditional measurements (e.g., adsorption isotherms) (36) . However, Latta et al. (18) found that U(IV) adsorbed to magnetite and rutile at surface loadings less than ∼4,000 ppm; whereas UO 2+x precipitated at surface loadings of 24,000 ppm (magnetite) and 12,000 ppm (rutile). The root solid used in this research had a lower affinity for U(IV), because inhibition of UO 2+x occurred in samples containing <2,500 ppm U. However, our model system provides a closer representation of sediments than do pure mineral phases, which suggests that UO 2+x formation will be inhibited in many subsurface environments as the result of binding to organic matter and organic matter-mineral aggregates.
Researchers have suggested that different mechanisms of U(VI) reduction [e.g., by sulfate-reducing bacteria or their inorganic products (FeS) (8) or by Gram-positive or -negative bacteria (37) ] yield different U(IV) products, i.e., that the reduction pathway dictates the products. For example, the formation of similar U(IV) species in sediments during a redox transition was used to infer that the same U(VI) reduction mechanism was operating under both Fe-and SO 4 2− -reducing conditions (7) . However, our observation that we can induce the formation of adsorbed U(IV) relative to UO 2+x simply by changing the ratio of U to solid concentration in our sample suspensions implies that the number of sites available to bind U(IV) can exert control over UO 2+x formation, regardless of the reduction pathway.
The utility of a model in which U(IV) can adsorb to the sedimentary matrix subsequent to reduction is that it reconciles A B Fig. 4 . Fourier-transformed EXAFS spectra of nonsterile [U(VI)] initial = 1 anddisparate published observations that noncrystalline U(IV) is favored (i) in the presence of elevated orthophosphate (19, 21, (37) (38) (39) , which is expected to have a very high affinity for U(IV) (4); (ii) upon enhancement of EPS formation in pure cultures (40) , which increases the number of high-affinity U(IV) ligands; and (iii) in both nonsterile and sterile biofilms, in which U(VI) is reduced via a direct or indirect pathway, respectively (40) . Our research further implies that models that seek to predict U behavior in the subsurface, e.g., for the purpose of remediation of contaminated groundwater (41) or in situ mining of U roll-front ore deposits (12) , should include U(IV) complexation reactions, especially with organic matter. Research is needed to quantify the affinity of U(IV) for whole sediments and individual environmentally important solid phases, as has been done for U(VI).
In particular, the affinity of specific organic moieties for U(IV), and the potential for U(IV) to form complexes with organic coatings on minerals or ternary organic mineral complexes, should be investigated. Finally, adsorbed U(IV) is likely to be more kinetically labile than UO 2+x (14, 27) , and this has important ramifications for U mobility in the environment: U(IV) could be more mobile under anoxic conditions than anticipated, and more sensitive to redox fluctuations, with implications for the longevity of U contamination in the subsurface (10) as well as its extractability from ores (12) .
Methods
Batch Reactor Design. Root material, collected along the Roaring Fork riverbank in Basalt, CO (proximal to Rifle, CO), was chosen as an analog for root biomass present in Rifle-reduced sediments (10, 23) and was stored in a refrigerator in canning jars until processed. The root material was first rinsed in Milli-Q water (18.2 MΩ·cm) at least three times to remove excess sand and sediment, and then macerated by blending with Milli-Q water to create a slurry. An aliquot of this slurry was dispensed into serum vials, which were then filled with 100 mL artificial groundwater, sealed with 1-cm-thick butyl rubber stoppers and crimp tops, and sparged with 2.5% CO 2 /97.5% (vol/vol) N 2 gas for 3 h. The artificial groundwater contained 7 mM SO 4 . A subset of the samples was autoclaved after sparging to serve as abiotic controls. The final concentration of the solid phase (i.e., root material) in the samples in units of dry mass per volume solution was calculated to be 6 g/L by drying known masses of root slurry in an oven (105°C, 24 h). The elemental composition of the dried root slurry was measured on an X-ray fluorescence analyzer (AMETEK Material Analysis Division, Spectro XEPOS; metals, S and P content) and an elemental analyzer (Carlo Erba NA1500; C and N content).
Uranyl acetate stock solution was added to the sparged samples using sterile syringes and needles inside a Coy anaerobic chamber with a H 2 /N 2 atmosphere [∼2-3% (vol/vol) H 2 ]. The initial U(VI) concentration was 0, 1, 10, or 50 μM. The pH of the solution was adjusted to ∼7.0 by adding a small volume (<1 mL) of 0.1 M sodium hydroxide. One milliliter of groundwater from well MNA-01 (Rifle, CO) was added to the nonsterile samples to inoculate the samples with the groundwater microbial community from that site. Finally, sealed serum vials were placed on a shaker (outside of the anaerobic chamber) for ∼70 d. Briefly, 4 mL of solution were removed approximately every 10 d using a syringe inside the anaerobic chamber for measurement of total aqueous U and sulfide. Each sample condition was made in quadruplicate. One of the four bottles was killed for analysis of the solid phase after 5, 19, 55, and 68 d. Only for the last time point was there a single sample (no replicates). The solid phase was preserved by storing in an anaerobic canister at −20°C.
A second set of experiments was performed to test whether inorganic reductants (e.g., HS − , FeS) generated during the anaerobic incubations of the root material could have reduced U(VI) in the nonsterile root suspensions. Samples were prepared as described above with an initial U(VI) concentration of 10 μM; however, no root slurry was added. Instead, 1 mM Na 2 S (aq) was added to serve as the U(VI) reductant [referred to as S(−II) (aq) -only samples]. The S(−II) concentration was chosen to exceed the amount generated in the anaerobic incubations to ensure that the rate of U(VI) reduction was not limited by the S(−II) concentration. Additionally, U(VI) reduction was monitored in triplicate sterile root suspensions to which 1 mM S(−II) (aq) was added to assess whether solid-phase reductants generated by the reaction of S(−II) (aq) with the sterile roots could reduce U(VI) [referred to as root + S(−II) (aq) samples]. Uranyl was allowed to equilibrate with the sterilized root suspension for 1 d before addition of Na 2 S (aq) , after which the pH was adjusted to 7.0. Samples were placed on the shaker for 41 d. As before, aliquots were removed (and filtered through 0.22-μm filters) for analysis of aqueous U and S(−II). A third set of experiments was performed to generate samples with concentrations of U(IV) great enough to be detectable using STXM. Suspensions of the root material were made in triplicate, as described above, and allowed to incubate for 69 d. Uranyl acetate stock solution was added to the serum bottles in the anaerobic chamber using a syringe every 2 wk to achieve a final concentration of 400 μM U without precipitating U(VI) minerals. A small volume of sample was removed before and after addition of new uranyl acetate stock and filtered for measurement of aqueous U.
Analysis of Aqueous Phase. Aqueous, filtered samples were preserved for analysis of U via inductively coupled plasma-mass spectrometry (ICP-MS; Thermo XSeries II) by acidifying [to 2% (vol/vol) HNO 3 ] . A second aliquot (1 mL) was preserved for sulfide measurement using 100 μL of 0.1 M zinc acetate. Sulfide was measured using the methylene blue colorimetric technique. Briefly, 60 μL each of 0.085 M N,N-dimethyl-1,4-phenylenediamine sulfate in 6 M HCl and 0.04 M ferric chloride in 6 M HCl were added to the preserved sample and allowed to react for at least 1 h before measurement at 600 nm using a UV-visible spectrometer (Shimadzu UV-1601).
Scanning Transmission X-ray Microscopic Analysis. STXM was performed at the SM (10ID-1) beamline at the Canadian Light Source (CLS). Two microliters of the root suspension were drop-deposited onto 100-nm-thick silicon nitride windows and fastened onto an Al sample plate in the anaerobic chamber. These samples were transferred in air into the sample chamber at the beamline, which was then evacuated and refilled with He gas to 0.2 atm.
Images were collected in transmission and then converted to optical density by normalization to the incident flux (I 0 ), as measured in each image in a part of the sample without any particles. All STXM data processing and analysis was performed using aXis2000. Image difference maps were collected at the C, Al, and Si K edges, the Fe L II,III edge, and the U N d5 edge by subtracting an OD image of an energy below the edge from an OD image of an energy above the edge. Specifically, optical density images collected at 288.2, 289.5, and 290.6 eV were selected to target 1s → π* resonances characteristic of proteins, polysaccharides, and carbonates, respectively (34) . Optical density images collected at 708 and 710 eV were selected to target Fe(II) and Fe(III), respectively (42) . Stack maps, in which X-ray absorption spectra were obtained for each pixel within the entire region, were measured at the C and U edges. Energy calibration of the sample spectra was performed using potassium (297.23 and 299.92 eV) (43) . Significant beam damage is not expected under the experimental conditions (44) . Carbon stack maps were analyzed using principal component and cluster analysis (45) , and peak resonances in the C XAS were identified through comparison with literature-reported values for various compounds (full discussion provided in SI Appendix, section VI). NanoSIMS Analysis. NanoSIMS images for the ions were collected at the Environmental Molecular Sciences Laboratory (EMSL) at the Pacific Northwest National Laboratory (PNNL) using a Cameca NanoSIMS 50L. Samples were coated with 10 nm of high purity gold to improve conductivity. Analysis of the images was performed using OpenMIMS and ImageJ (46) . Dead-time-corrected images were aligned using the ImageJ plug-ins Stackreg and Turboreg so that it was possible to determine how well the different ion intensities correlated on a pixel-by-pixel basis (based on the Pearson correlation coefficient, performed using a correlation indices plugin for ImageJ). Although the beam diameter was different between polarities, the pixel size of each image was the same, 200 nm, thus allowing the intensities of each pixel to be compared between aligned positive and negative ion images. It was possible to align all ion maps for the sample [U(VI)] initial = 10 μM, 68 d. However, the negative ions were offset from the positive ions by too large a distance for alignment in the samples [U(VI)] initial = 50 μM, 68 d and [U(VI)] initial = 400 μM.
Bulk X-ray Absorption Analysis. Uranium L III -edge X-ray absorption spectra were collected at beamline 11-2 at the Stanford Synchrotron Radiation Lightsource (SSRL). The energy of the X-ray beam was selected using a Si (220) φ = 0 double-crystal monochromator detuned by 30% at 17,700 eV to minimize harmonics. Calibration was monitored during each sample scan by collecting the Y K edge (17,038.4 eV). The fluorescence signal was monitored using a 100-element Ge detector. A strontium foil and Soller slits were used to increase the signal-to-noise ratio. Beam damage was not observed during measurement of sequential scans, as expected (47) .
Background subtraction and linear combination fitting of the spectra to obtain the U oxidation state were performed using the Athena module of the IFFEFIT package (48) . The EXAFS spectra were extracted from the normalized absorption spectra by fitting a spline to the region between approximately k = 1 and 10 Å −1 . The U L III -edge EXAFS spectra were examined using a combination of PCA, target transform analysis, linear combination fitting, and shell-by-shell fitting [using the IFFEFIT package (48)]. The theoretical scattering paths that were used to produce the models of the FT-EXAFS spectra were calculated in FEFF 6L using atomic coordinates derived for UO 2+x (49) , rutherfordine (50) , and ninyoite (51) . Details of the fitting procedure are provided in SI Appendix, section VII. 
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